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METHOD FOR CONTROLLING FIRINO 
ANGLE UNDER LINE DD? SITUATIONS 

CROSS-REFERENCE TO RELATED APPUCATIONS 

FIELD OF THE INVENTION 
[0001] The present invention relates to power converters, and more particularly to 
AC-to-DC power converters that employ controlled switching devices to govern the 
power conversion (rectification) process. 

BACKGROUND OF THE INVENTION 

[0002] Power converters for converting AC power, such as 3-phase AC power, 
into DC power are well known. Commonly, such AC-to-DC power conveners operate by 
controlling rectification devices such as power thyristors/silicon-controlled rectifier 
(SCRs) so that the devices alternately allow current to flow and preclude current from 
flowing between a given AC input line and the DC output lines. Such converters allow 
for a significant amount of control over the power output insofar as the SCRs can be 
controlled to switch on to conduct current (e.g., "fired") at a variety of time instants (e.g., 
at a variety of "firing angles"). 

[0003] A problem faced by conventional power converters is that, under certain 
circumstances, rapid changes in the input voltage without corresponding adjustments 
performed by the power converters themselves can result in excessively high current 
being drawn from the line (and eventually provided to a load). Such excessive 'Inrush 
currents'* in particular can arise subsequent to unexpected, significant drops or "dips** in » 
the AC input power level (or a characteristic of the AC input power, such as the voltage 
level of the input power). Such dips in the AC input power, or even total loss of power, 
can occur for a variety of reasons such as inclement weather, load imbalances, line 
malfunctions, or other reasons. When such dips in the AC input power level occur but 
then the AC input power recovers, the recovery of voltage can result in a significant 
inmsh current to the power convener (and also eventually to the load), which can be 
damaging to the power converter and lead to undesired shut-down of the connected load. 

[0004] A need therefore exists for an improved AC-to-DC power converter. In 
particular, a need exists for an improved AC-to-DC power converter capable of providing 
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power conversion (e.g., by adjustment of the firing angle of semiconductor switching 
devices in the converter) and also, during the power conversion process, capable of 
responding to drops in the AC input power level in a rojanner that reduces or mitigates any 
inrush currents that can occur when the AC input power recovers. 

BRIEF SUMMARY OF TOE INVENTION 

[0005] The present inventors have recognized that conventional AC-to-DC power 
converters that employ firing angle control nevertheless do not typically adjust the firing 
angle of the semiconductor switching devices (for example, SCRs or IGBTs) when dips 
in the AC power level occur. Further, the present inventors have recognized that certain 
adjustments to the firing angle(s) of the semiconductor switching devices subsequent to 
dips in the AC power level can limit or mitigate the amount of inrush current than occurs 
upon the recovery of the AC power level. 

[0006] In particular, the present invention relates to a method for converting AC 
power into DC power that includes receiving the AC power, and converting the AC 
power into the DC power by way of a rectification device, where the rectification device 
is capable of being controlled to switch on at a particular time instant. The method 
further includes experiencing at least one of a first reduction in a first characteristic of the 
received AC power and a second reduction in a second characteristic of the DC power, 
and changing at least one of the time instants at which the rectification device is to be 
switched on. 

[0007] The present invention further relates to a power conversion apparatus that 
includes an AC power input port, a DC power output port, and a rectification component 
coupled between the AC power input port and the DC power output port, where the 
rectification component includes at least one switchable device that is capable of being 
controlled to switch on at a plurality of time instants. The power conversion apparatus 
further includes a control device coupled to the rectification component that detemoines 
the time instants and controls the switching on of the at least one switchable device to 
occur at the determined time instants, where the control device receives information 
concerning at least one of a first characteristic of the AC power iiiput and a second 
characteristic of the DC power output, and where the control device adjusts the time 
instants at which the switching on of the switchable device occurs. 
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[0008] The present invention additionally relates 10 a method of power 
conversion comprising setting a firing angle for a switching device, monitoring a DC 
output voltage level, adjusting the firing angle if die DC output voltage level falls 
excessively, and returning the firing angle to a normal level if one of the DC output 
voltage level and an AC input voltage level returns to a level that is at least three-quarters 
of a respective normal level. 

[0009] The present invention further relates to a method of controlling a power 
converter. The method includes monitoring a first characteristic associated with at least 
one of an AC input power and a DC output power» and advancing a switch-on time of a 
switching device in response to a reduction in the first characteristic. 

BRIEF DESCRIPTION OF THE DRAWINGS 
[0010] Fig. 1 is a schematic diagram of an exemplary (in this example, SCR- 

based) AC-to-DC power converter capable of performing firing angle adjustment in 

accordance with one embodiment of the present invention; and 

[0011] Pig. 2 is a timing diagram showing exemplary operation of the AC-to-DC 

power converter of FIG. 1 involving firing angle adjustment. 

DETAILED DESCRIPTION OF THE INVENTION 

[0012] Referring to FIG. 1, a schematic of an exemplary AC-to-DC power 
converter 10 is provided in which the power converter has first, second, third, fourth, fifth 
and sixth rectification devices 12, 14, 16, 18, 20 and 22, respectively. The first, third and 
fifth rectification devices 12, 16 and 20 are coupled between first, second, and third AC 
input lines/terminals 24,26 and 28, respectively, and a first DC output line/terminal 30, 
while the second, fourth and sixth rectification devices are coupled between the three AC 
input lines/terminals and a second DC output line/terminal 32. In the embodiment shown, 
each of the rectification devices 12-22 are power thyristors/silicon-controUcd rectifiers 
(SCRs); however, in alternate embodiments, other rectification devices can also be 
utilized such as Insulated Gate Bipolar Transistors (IGBTs), Gate Turn-offs, other 
semiconductor switching devices and other switching devices. The operation of the SCRs 
12-22 is controlled by one or more internal or external control device(s) represented, in 
the present embodiment, by an exemplary controller 34. The controller 34 controls the 
operation of the SCRs 12-22 by way of firing signal lines 36 connected between the SCRs 
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12-22 and the controller. Additionally, the controller 34 in the present embodiment is 
able to sense the voltages existing at the AC input lines 24-28 and the DC output lines 
30,32 by way of sensing lines 37. In one embodiment, the power converter 10 can be a 
Power Flex 700 pre-charge controller manufactured by Rockwell Automation of 
Dierikon» Switzerland. 

[0013] As is well-known in the art, the SCRs 12-22 of the power converter 10 
typically operate as follows. As three phases of AC power are applied to the respective 
AC input lines 24-28, AC voltages are applied across the SCRs 12-22. When the voltage 
occurring across a given SCR is positive (but not negative), the SCR can be caused to 
**fire" or conduct current upon the provision of an appropriate signal from the controller 
34 at a particular time instant. Once the SCR is conducting, the SCR remains "on" (e.g., 
it continues to conduct current) until such time as the voltage occurring across the SCR 
becomes zero or negative, at which time the SCR shuts off. The SCR then remains off 
until such time as it again is experiencing a positive voltage across it and it receives a 
firing signal from the controller 34. Because the controller 34 can cause each of the 
SCRs 12-22 to fire at any of a variety of times (e.g., at any time during the half cycle of 
the AC signal provided to a given SCR when the voltage across that SCR is positive), the 
controller 34 has a significant degree of control over the magnitude of the| DC output 
voltage that is provided at the DC output lines 30,32. Additionally, as di fussed in 
further detail with reference to FIG. 2, in accordance with the present invention the 
controller 34 is also able to control the SCRs 12-22 in a manner that controls or limits the 
amount of inrush current that flows into the power converter 10 via the AC input lines 24- 
28, particularly following interruptions in the power supplied to the AC input lines 24-28. 

[0014] Referring to FIG. 2, exemplary operation of the power converter 10 of 
FIG. 1 over time in response to a time-varying AC input voltage V/^c is sllown, in terms 
of a DC output voltage Vdc, a firing angle a, and an input current Iin representing the 
current received by way of the AC input lines 24-28. To simplify the illuitraiion 
provided in FIG. 2, the AC input voltage Vac shown in FIG. 2 more specifically is a time- 
average magnitude or root-raean-squared (RMS) voltage level of one or more (e.g., three) 
sinusoidal voltages that are provided at the AC input lines 24-28 of the power converter 
10. That is, the AC input voltage V^c shows the time-variation of the overall magnitude 



of the sinusoidal voltage(s) applied to the power converter 10, rather than 



the actual. 



sinusoidal time variation of the voltage signals. Likewise, the input current Iin is a time- 
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average magnitude or root-mean-squared (RMS) current level of one or more (e.g., three) 
currents that are provided at the AC input lines 24-28 of the power converter 10. 

[0015] The firing angle a of the power converter 10 is representative of the point 
at which a given one of the SCRs 24-28 is fired or conunanded to turn-on relative to some 
other phase reference point associated with the AC signal being provided to that SCR, for 
example, a number of degrees of phase relative to the crossover point of the phase being 
provided to that SCR relative to another one of the phases (e.g., natural commutation 
point). Typically, in three-phase power converters such as the power converter 10, each 
of the SCRs has the same firing angle value at any given time. However, this is not 
necessarily the case; that is, it is possible that (in certain embodiments) a power converter 
employing multiple SCRs would apply different firing angles to different SCRs. Further, 
while the same firing angle is typically applied to each of the different SCRs in a 
multiple-phase power converter, this does not mean that each SCR is fired at the same 
time. Rather, each SCR fires at a different time instant because the three voltage signals 
applied at the three AC input Unes are each 120 degrees out of phase with one another 
and because the two SCRs connected to each AC input line are in reversed polarity (such 
that the two SCRs of each pair fire at times that are 180 degrees apart from one another in 
phase). It will be understood to those of skill in the art that controlling the switching of 
SCRs (or other controlled switching devices) based upon firing angles (or other quantities 
representing phase) is equivalent to controlling the switching of those devices to occur at 
particular time instants. In particular, certain other switching devices such as IGBTs will 
be both switched on and switched off at specific times. Consequently, with respect to 
those devices, it often is more convenient to speak of firing those devices (and/or turning 
them off) at specific time instants. 

[00161 As shown in FIG. 2, upon being switched on at a switch-on time t4, the 
AC voltage Vac of the AC input power provided to the power converter 10 usually has a 
norma] level 210, but at times t©, U and X2 falls below the normal level. The power 
converter 10 converts the AC power input into a DC power output having the DC output 
voltage Voc, which is generally controlled to have a normal level 220. The power 
conversion process, and level of the DC output voltage Vdc depends upon the load, upon 
the AC voltage Vac, and upon the firing angle a of the SCRs 12-22 of the power 
converter 10, as detennined by the controller 34. During normal operation subsequent to 
the switching on of the AC voltage Vac, the firing angle a is also controlled to be at a 
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nonnal level 270, which can vary depending upon the embodiment and the type of power 
control that is desired. 

[0017] Operation of the power converter 10 in a conventional manner (not 
employing the pi^scnt inventive imethod involving firing angle adjustment to limit iniush 
current as discussed further below) is shown in FIO. 2 in response to the dip in the AC 
voltage V/^c at time to- As shown, the power converter 10 does not adjust the firing angle 
a in response to the dip at time t©. Consequently, while the dip is occurring, the DC 
output voltage Vdc falls at a relatively slow rate and then, when the dip has ended at a 
time lio, the DC output voltage Vdc rapidly recovers. As shown, when the dip ends at 
time tio, and the DC output voltage V^c is recovering, the input current Ijn experiences a 
sudden, significant increase constituting an iiuush current spike 205, which is well above 
a rated current level 250 and could potentially damage certain components within the unit 
or related to the installation. 

[0018] In accordance with the present invention, the firing angle a of the SCRs 
12-22 is adjusted by the control circuit 34 to approximately bmit the input current Iin to 
the rated current level 250 when, due to variation in the AC voltage Vac, there is a 
tendency for there to be large inrush currents. Such operation is shown in FIG. 2, 
subsequent to time ti. As shown, at time ti , the AC voltage Vac drops suddenly and 

i 

significantly, and consequently the magnitude of the DC output voltage Vpc begins to 
drop off. The level of the DC output voltage Vdc typically does not fall as rapidly as the 
AC voltage Vac because of the inductance 39 and one or more capacitors 38 that can be 
coupled at the output of the power converter (e.g., between DC output lines 30 and 32 of 
FIG. 1). Nevertheless, the DC output voltage Vdc drops and, because the dip in the AC 
voltage Vac is continuing, eventually reaches a first threshold 280 at a time 1$. The 
controller 34, which detects the DC output voltage Voc by way of the sensing lines 37. 
enters a protective mode of operation upon determining that the DC output voltage Vdc 
has fallen below the first threshold 280. 

[0019] In the protective .mode of operation, the controller 34 continually 
recalculates the firing angle a. In a preferred embodiment, the firing angle a is calculated 
using the following general equation: 

asin ((kl * A)/(k2 * B)) (1) 
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where the variable A is the actual value of the DC output voltage Vdc> and the variable B 
is a heavily-filtered value of the Uc voltage Vac- Additionally, kl and lc2 are scaling 
factors that are used to impipve computation accuracy and adapt variable 
ranges/magnitudes to each dther^ as is known to those of ordinary skill in the ait (and 
which will vary depending upon' the particular implementation). Consequently* upon the 
controller 34 entering the protective mode of operation* the controller 34 controls the 
firing angle a of the SCRs li-22 to generally track the sensed value of the DC output 
voltage Vdc so that, in the else 6f a recovery of the AC voltage Vac (as shown in FIG. 2 
subsequent to the time tn), the DC output voluge Voc would start out at approximately 
the same value as that which it had just prior to the recovery- That is, even though the 
AC voltage Vac may recover instantaneously (or otherwise in a very short period of 
time), the DC output voltage does not recover at an excessive rate that could result in 

i 

excessive inmsh currents. 

[(H)20] As is evident from FIG. 2, there is a discontinuity 275 in the value of the 
firing angle a at time t$ in the example shown, although this is not necessarily the case 

and need not exist in alternate embodiments. The discontinuity 275 represents a safety 

! 

margin between the actual DC output voltage Vix: and the computed DC output voltage 

t ; 

Vdc that would occur in th^' event of a recovery of the AC voltage Vac- The difference in 
both voltages determines the inrush current in the mentioned case, and is limited. In 
order to avoid calculation errors that could occur if the value of the variable B became too 
small (e.g., division by zero errors), the value of the variable B is limited in terms of its 
minimum value to 10% of tLe rited AC input line voltage. 

[0021] The first thrLhold 280 is set at a level where, in the absence of the special 
control over the firing angle a jirovided by the present invention, a recovery of the AC 
voltage level 210 could resijt in excessive inrush currents. Typically, this level depends 
upon the normal level 220 of the DC output voltage Vdc (or, in alternate embodiments, 

AC ivoltage Vac). For example, in one embodiment, the first 
at half the value of the normal level 220, e.g., the first 
to ibo Volts if the normal level 220 was 200 Volts, 200 Volts 
Volts, 300 Volis if the normal level was 600 Volts, etc. In 
first threshold 280 can be set to other levels depending on the 
semiconductor electrical characteristics which need to be protected, as is known to those 



the normal level 210 of the 
threshold 280 would be set 
threshold 280 would be set 
if the normal level was 400 
alternate embodiments, the 



of ordinary skill in the art. 
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mathemaocal function depending upon the above-mentioned sensed signals can, in 
alternate embodiments, be used by the controller to provide desired protection against 
excessive inrush currents. 

[0022] Although dips in the AC voltage Vac can be of large enough magnitude, 
and last long enough, for the DC output voltage Vdc to fall below the first threshold 280, 
most dips nevertheless are relatively short and the AC voltage Vac f^Hy recover to its 
nonnal level 210. In accordance with the present embodiment, if the AC voltage Vac 
recovers to at least a second threshold level 290 (subject to certain further considerations, 
as discussed below) subsequent to the time at which the first threshold 280 is breached by 
the DC output voltage Vdc, the controller 34 then firom that time on operates to ramp the 
firing angle a upward toward the normal level 270, Thus, as shown in HG. 2, once the 
second threshold level 290 is reached at time tn, the firing angle a then is ramped up until 
it reaches the nonnal level 270 at time t^. The controller 34 determines whether the AC 
voltage Vac has recovered above the second threshold level 290 by way of the sensing 
lines 37, The second threshold level 290 can be set at a variety of values depending upon 
the embodiment and, in the present embodiment, is set to 90% of the normal level 210. 

[0023] As shown in FIG. 2, when the AC voltage Vac recovers, the DC output 
voltage Voc also recovers, at a rate that is at least in part detemiined by the ramping up of 
the firing angle a. Further, the recovery of the DC output voltage Vdc and ramping up of 
the firing angle a is typically accompanied by an increase in the input current Iin. 
However, in the present embodiment, the ramping up of the fihng angle a occurs at a rate 
that limits the rate of change in the DC output voltage Vqc so that the input current Ijn 
(which is dependent upon the rate of change in the DC output voltage Vpc) does not 
exceed the rated current level 250. As shown particulaily in FIG. 2, the rate of increase 
of the firing angle a subsequent to time tn is such that the resulting rate of increase in the 
DC output voltage Vdc is less than it would otherwise have been if the firing angle a had 
not been reduced (e.g., less than the rate of increase of the DC output voltage Vdc shown 
subsequent to the time t|o), such that an excessive input current Iin does not occur. 
In the present embodiment, the firing angle a is increased at a rate of 0% to 100% in 200 
milliseconds, which is sufficiently slow in most circumstances to guarantee that the input 
current Iin does not exceed the r^ted current level 250. 

[0024] The present inventors have recognized (and the above discussion 
suggests) that the input current liN that occurs during and inunediately after a line dip 
depends primarily upon the starting point of the firing angle a when the AC input power 
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returns to normal (or about ponbal) levels and also upon the manner in which the firing 
angle is increased subsequ^t t6 the recovery of the AC input power, which determines 
the rate of change of the DCtl output voltage Vdc and (in the present embodiment) 
effectively limits that rate o!f chiange to the rate depicted subsequent to the times and in 
shown in HG. 2. Howeverj as will be understood to those of skill in the art, the input 
current Iw also depends updn viriety of other factors (at least some of which are 
uncontrollable) including, for example, the load, the capacitance of the connected 
capacitors 38, the DC choki 39| AC line voltage variations and imbalance as well as line 

inductance. Consequently, while the above formula used to calculate the firing angle a is 

■ I. 

usually satisfactory, in som^ alternate embodiments other formulas can be used to 

i 

calculate the fixing angle ba^ed upon additional information. Further, although not the 
case in the present embodiiient| the controller 34 in some circumstances can be 
programmed with information or sense information concerning the load and related line 
inductance in order to more|acctirately calculate the values of the firing angle a to further 
guarantee that the inrash current does not exceed a maximum level such as the level 250. 

[0025] The power cbnvLrter 10 requires power for its own operation and, in the 
present embodiment (and aqleait some other embodiments), the power converter obtains 

r ! 

power for its operation frond the AC input power. Consequently, if the AC voltage Vac 
dips to an excessively low level! e.g., below a minimum level 300, insufficient power is 
being received for indefinite operation of the power converter 10. Because of the 
presence of an internal capabitoi* (not shown) within the controller 34, which stores a 
limited amount of power, the pdwcr converter 10 can continue to operate for a limited 
time period t_Cap even though the AC voltage Vac has dropped below the minimum 
level 300. As shown in FIGr. 2. in order to extend the operation of the power converter 10 
for as long as possible, the contbller 34 stops firing the SCRs 12-22 whenever the AC 
voltage Vac falls below the minimum level 300, such as shown at time t^, until such time 
as the AC voltage Vac reco|erstabove minimum level 300, e.g. at a time t?. In a similar 
embodiment, the load capadtor(s) 38 could be utilized to provide longer up-time of the 
controller 34. I 

[0026] Although, during such a "switch-off ' period, the SCRs 12-22 are not filled, 
the controller 34 neverthelels continues to calculate the firing angle a as if the SCRs were 
still being fired, e.g., as shown By a dashed portion 310 of the curve representing the 
firing angle a. As with resptect to the calculation of the firing angle a subsequent to the 

firing angle a (subsequent to a time I33 at which the DC 



time ts discussed above, the 
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output voltage Vdc again falls below the first threshold 280) also is calculated by way of 



equation (1) until time t?, at 



threshold level 290. at whidh point the 



subsequent to time ts withir 



which the AC voltage V^c again recovers above the second 



uing angle a is ramped back up to the normal 



level 270. That is, the calculation of th ? firing angle a involving equation (1) continues 



the period 



continually performed after 



starting value for the firing angle at tj 



10027] If, however, 



time t^ and 



310. This is done so that a starting value of the 
firing angle a is available i6 the control ler 34 at time t? when the controller must begin to 
ramp up the firing angle. In alternate e: nbodiments, however, the calculation need not be 

another method can be employed to identify a 



the; AC voli age Vac falk below the minimum level 300 and 



fails to recover above that ininimum lc> cl (or, in alternate embodiments, fails to attain 
some other level such as the thtieshold 2 90) within the maximum allowable time t_Cap, 
the controller 34 first stops firing the S( IRs 12-22 while continuing to determine the firing 
angle a as discussed above, and then uliimately stops operating due to missing supply 
power after the maximum allowable time t_Cap has passed subsequent to the time at 
which the AC voltage Vac fell below the minimum level 300. The manner of calculation 



of the firing angle a depends upon whelher the AC voltage Vac immediately dips below 
the minimum level 300 upon bcfginning its dip, or only dips below the minimum level at 
some time subsequent to the beginning of the dip (as shown at time t^). If the former 
situation occurs, then the cojntroller 34 immediately begins to recalculate the firing angle 
a by way of equation (1) even though tlie DC output voltage Vdc bas not yet fallen below 
the first threshold 280, Then, once the maximum allowable time t_Cap has passed 
subsequent to the time at which the AC voltage Vac fell below the minimum level 300, 
then the power converter IC shuts dowr and ceases operation. 

[0028] If the latter sitxiation occurs (that is, as shown subsequent to time teX then 
the controller 34 does not begin recalcu iating the firing angle a by way of equation (1) 
until the DC output voltage Vdc has fai: en below the first threshold 280. Once that 
occurs, then the controller begins recalculating the firing angle a using equation (1) and 
continues to do so even after the AC vo Itage Vac falls below the minimum level 300 (at 
which time the controller 3^ ceases firiiig the SCRs 12-22). This continues until such 
time as the maximum allow a.b]e time t_Cap has passed subsequent to the time at which 
the AC voltage Vac falls be low the minimum level. Once the maximum allowable time 
t^Cap has passed without thje aIc voltaie Vac recovering above the minimum level 300, 

I ceases calculating the firing angle a. In either 



the power converter 10 shuts down and 
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case, when the power converter 10 shuts down« the power converter can only be restarted 
by hardware after the AC vcdtage Vac recovers above the level 300 to provide sufficient 
power to the controller and it can only start operating after recovery to the level 290 (or 
any other appropriately cho!;en value). 

[0029] To summarize, in general, firing angle is always computed as long as the 
controller 34 is operating. I hysical firii ig of the SCRs (or other switching devices) stops 
once the AC voltage Vac drops below the level 300. Additionally, the controller 34 shuts 
down after the passage of t leap because it runs out of power. The value of i_cap is not 
sensed or noticed by the cor troUer 34, ijut rather merely represents the amount of time 
that the controller 34 can opiate without being supplied with additional power. 

[0030] The present invention can vary from the embodiment discussed above 

i 

with reference to FIGS. 1 ar d 2 in a variety of ways. For example, the present invention 
is applicable to AC-to-DC power converters that only convert one or two, or more than 
three, phases of AC power i ito DC power, as well as AC-to-DC power converters that 
convert any number of phases of AC power into more than one DC power output. Also, 
the present invention is applicable to a \|ariety of AC-to-DC power converters that 
employ different components than those shown in FIG. 1 for performing power 
conversion and detecting power and related characteristics such as voltage, current, 
frequency, phase, etc. in relation to the AC input power and the DC output power. That 



switching devices and other 



is, for example, the control devices that ^e employed can vary from the controller 34 
shown, and (as discussed ab^ve) the controlled switching devices that are employed can 
vary from the SCRs 12-22 s lown to instead include other rectification devices such as 
Insulated Gate Bipolar Transistors (IGBpTs), Gate Turn-offs, other semiconductor 



switching dieviccs. Also, variations of the present invention 



are applicable to systems employing controlled switching devices that can be controlled 

I 

to turn off instead of, or in addition to, hieing controlled to turn on. 

[0031] Further the f )rmula(s) employed to calculate the firing angle(s)/firing time 
instants of the controlled switching devices can vary from equation (1) and, indeed, 
multiple different fonnalas c^an be employed both with respect to the times at which the 
AC input power has dipped [or died entirely) and at times when the AC input power is 
recovering or has just recovered. Further, the particular thresholds and 
minimum/maximum/rated levels shownjsuch as the first threshold 280, the minimum 
level 300, the second thresh )ld level 290, and the rated current level 250 (as well as the 
maximum allowable time t_ 
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Cap) can vairy depending upon the embodiment. For 
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example, the second threshold level 290 could be set to three-quarters of the nonnal level 
210. Also, while it is a threshold level pertaining to the DC voltage that (in the above- 
discussed embodiments) triggers modificatidn of the firing angle, in alternate 
embodiments the behavior of the AC voltage or other characteristic(s) of the input or 
output power that could serve as the "waminjg" that there is a risk of significant inrush 
currents and trigger modification of the' firing angle. Likewise, while it is a threshold 
level pertaining to the AC voltage that (in the above-discussed embodiments) triggers the 

i 

returning of the control signal to its normal levels, in alternate embodiments, other 
triggers could be employed. j 

[0032] Also, in certain alternate embbdiments, other mathematical functions are 
employed to determine the firing angle adjus|ments rather than the thresholds, equations, 
and linear ramping (subsequent to recovery ojf the AC input power) discussed above. For 

i 

example, the ramping up of the firing angle cjould proceed in accordance with a nonlinear 
function. Also, for example, instead of empl|>ying thresholds to detennine whether the 
firing angle should be adjusted following a dip in the AC input power, a linear or 
nonlinear (or other mathematics) function ccjuld be employed to adjust the firing angle 
based upon the difference between the AC input power and some target level. Ftohcr, as 
discussed above, control over firing angles isjequivalent to controlling the specific time 
instants at which the controlled switching devices are switched on or off. Thus, the 
present method can also be employed in pow^r conv^ers where the controlled switching 
devices are turned on and off at specific timejinstants, 

[0033] It is specifically intended that jthe present invention not be limited to the 
embodiments and illustrations contained h^n, but that modified forms of those 
embodiments including portions of the embodiments and combinations of elements of 
different embodiments also be included as come within the scope of the following claims. 

i 
1 
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